The small-molecule compound pifithrin-A (PFT-A) has been reported to inhibit p53 function and protect against a variety of genotoxic agents. We show here that PFT-A is unstable in tissue culture medium and is rapidly converted to its condensation product PFT-B. Both compounds showed limited solubility with PFT-A precipitating out of tissue culture medium at concentrations >30 Mmol/L. PFT-A and -B exhibited cytotoxic effects in vitro towards two human wild-type p53 -expressing tumor cell lines, A2780 ovarian and HCT116 colon (IC 50 values for both cell lines were 21.3 F 8
Introduction
The loss of tumor suppressor proteins is a hallmark of human cancer (1) . The most commonly mutated tumor suppressor protein is p53, which is functionally compromised in >70% of all human cancers (2, 3) . Wild-type p53 can be transcriptionally transactivated following a wide variety of stimuli including ionizing radiation, UV, DNA damage, hypoxia, and nucleotide depletion (4, 5) . This can lead to a number of possible outcomes depending on cellular context, including cell cycle arrest, DNA repair, senescence, or apoptosis, functions which are central to the ability of p53 to prevent the propagation of genetically damaged cells, and hence prevent tumor formation (5 -8) . Loss of p53 could therefore promote tumorigenesis and, in addition, could also cause chemoresistance in a number of situations, probably through the loss of critical p53-regulated proapoptotic processes (9 -11) . Consequently, it has been shown that a variety of common cytotoxic treatments require higher doses in p53-deficient cell lines compared with wild-type lines to achieve comparable levels of cytotoxicity (12, 13) . Similarly, p53-deficient mice are more resistant to ionizing radiation than their wild-type counterparts (14, 15) . Other studies have shown that lymphomas expressing mutant p53 require higher doses of drugs to achieve comparable responses to p53 wild-type tumors (11, 13) . However, doselimiting normal tissue toxicity frequently restricts treatments to suboptimal doses, which can lead to treatment failure. This is probably due to the ubiquitous expression of wild-type p53 in normal tissues and its activation following drug treatment, leading to extensive apoptotic cell death (8, 11, 15) . Consequently, temporary inhibition of wild-type p53 function may ameliorate normal tissue toxicity, allowing improved therapeutic selectivity and higher doses of cytotoxic treatments to be administered (16) .
An in vitro screen for agents that blocked doxorubicininduced, p53-dependent, lacZ-encoded h-Gal expression led to the identification of a small-molecule inhibitor of p53, pifithrin-a [PFT-a, 2-(2-imino-4,5,6,7-tetrahydrobenzothiazol-3-yl)-1-(4-methylphenyl)ethanone; Fig. 1 ; ref. 17] . This compound has been reported to inhibit a number of p53-dependent processes in vitro, including UV-induced, p53-dependent h-gal expression, UV-induced cyclin G, p21, and MDM-2 protein expression (17) . Moreover, 10 Amol/L PFT-a also protected murine C8 cells from the cytotoxic effects of several anticancer drugs. A similar concentration was shown to abrogate ionizing radiation -induced G 1 -S checkpoint control in murine concanavalin A cells. In vivo studies showed that a single i.p. dose of PFT-a protected mice from a lethal dose of whole-body irradiation (17) . Following the initial report of the discovery of PFT-a, this agent has been investigated in various murine model systems (18 -20) . In view of the fact that the initial studies were carried out in murine models, and that there is no clearly defined molecular mechanism of action for the agent, we have carried out a detailed study of the effects of PFT-a in two human p53+/+ cancer cell lines. We show that PFT-a is unstable in vitro and is converted to PFT-h. We also find that there is minimal evidence of any inhibitory effect of either of these two compounds on p53 activity in the two human tumor cell lines or in the murine fibroblast NIH-3T3 cell line. Thus, caution should be exercised in the use of PFT-a as a modulator of p53 function.
Materials and Methods

Tissue Culture
The human ovarian carcinoma cell line A2780 was obtained from the European Collection of Cell Cultures (Porton Down, Wilts, United Kingdom). The human colon carcinoma cell line HCT116 and the murine immortalized fibroblast cell line NIH-3T3 were obtained from the American Type Culture Collection (Rockville, MD). These cell lines had previously been shown to express functional wild-type p53 and to harbor wild-type p53 gene sequences (12, 21) . Cells were grown as attached monolayers in DMEM containing 10% fetal bovine serum, 5 mmol/L glutamine, and essential amino acids under an atmosphere of 5% CO 2 /95% air at 37jC. Cell lines were routinely screened for Mycoplasma expression using a nested PCR -based assay from the American Type Culture Collection.
Drug Synthesis and Characterization
The iminotetrahydrobenzothiazole PFT-a was synthesized in a two-step reaction starting with cyclohexanone and thiourea plus iodine. The subsequent intermediate was reacted with bromomethylacetophenone to form the HBr salt. This was triturated with ether, filtered, and the solid dissolved in chloroform/methanol and precipitated with ether, filtered, and dried to give a product of 100% purity (18, 22 [2,1-b] thiazole PFT-h was unexpectedly identified from the small-molecule X-ray crystal structure determination of a sample of PFT-a following recrystallization in aqueous B, stability of PFT-a in DMSO at room temperature (o) and in tissue culture medium (DMEM containing 10% fetal bovine serum, 5 mmol/L L-glutamine, and nonessential amino acids) at 37jC (.). Individual data points from two independent experiments.
Evaluation of PFT-a and -b in Human p53+/+ Cells methanol (see Supplementary information).
1 Details of the crystal structure of PFT-h have been published (23 ( 10 mg/mL) on a Bruker Avance DPX250 and referenced to the multiplet for DMSO (y 2.49 ppm). Accurate mass measurement was carried on a Waters LCT using electrospray ionization with leucine-enkephelin as a lock spray reference. The stability of PFT-a was monitored by determining PFT-a concentrations remaining in the chosen incubation medium at selected time points using quantitative liquid chromatography-mass spectrometry.
Cytotoxicity Studies Both PFT-a and -h were white crystalline powders which were made up as stock solutions (10 mmol/L) in DMSO immediately prior to dilution into medium to the required final concentration. Other drugs were obtained from Sigma-Aldrich. Cells were plated in 96-well plates at defined densities (5,000 cells/well) 36 hours prior to drug treatment under exponential growth conditions. Cytotoxicity was determined by 96-hour sulforhodamine B assays (24) equivalent to four cell doublings. Previous studies had established that these conditions gave linear growth curves. Briefly, drugs were added in 20 or 40 AL of medium to give a final volume of 200 AL. After 96 hours, plates were fixed in 10% trichloroacetic acid for 30 minutes at 4jC, then washed four times in water and dried. Subsequently, 100 AL of 0.04% sulforhodamine B in 1% acetic acid was added to each well and left for 15 minutes. Excess stain was removed by washing with 1% acetic acid four times and then dried. Cellular stain was solubilized in 100 AL of 10 mmol/L Tris base and read at 540 nm. UV and ionizing radiation sensitivity was determined by clonogenic assay at three plating densities of 100, 1,000, and 10,000 cells/plate using 3, 10, and 30 Amol/L concentrations, respectively (25) . Following colony formation (7 -10 days), cells were fixed in methanol for 30 minutes and then washed twice in PBS and stained in 0.05% methylene blue. Colonies (>100 cells) were counted and survival expressed relative to 100% survival in controls. Plating efficiency was typically 20%. For studies involving UV irradiation, cells were plated onto 9 cm Petri dishes and drug-containing or drug-free medium removed immediately prior to irradiation and replaced immediately following UV exposure. UV irradiation was carried out using a UV Stratolinker 1800 (Stratagene, La Jolla, CA). Combination studies were carried out using 10 Amol/L PFT-a or -h as a standard concentration unless otherwise stated. PFT-a or -h was administered 1 hour prior to cytotoxic therapy as this has been reported to be the maximally effective treatment protocol (Supplemental data in ref. 17 ) unless otherwise stated. For clonogenic assays, PFT-a or -h remained in contact with the cells for 24 hours following irradiation to allow any protective effects to occur prior to plating out.
Western Blotting Samples were lysed in ice-cold lysis buffer (containing 50 mmol/L HEPES, pH 7.4, 250 mmol/L NaCl, 0.1% NP40, 1 mmol/L DTT, 1 mmol/L NaF, 10 mmol/L h-glycerophosphate, 0.1 mmol/L sodium orthophosphate and one ''Complete'' protease inhibitor cocktail tablet containing EDTA, Roche, England, United Kingdom) and subsequently stored at À70jC prior to analysis. Lysates (50 Ag) were boiled in Laemmli buffer prior to separation on gradient (4-20%) or 10% linear gels (Invitrogen, Paisley, United Kingdom) and transferred to polyvinylidene difluoride membranes. Primary antibodies were incubated overnight in 3% milk with membranes at 4jC. Proteins were detected using the following antibodies: p53 DO-1 at 1:1,000, SC126 and total p38, SC7972 at 1:1,000 (Santa Cruz Biotechnology, Santa Cruz, CA); p21 WAF1 , OP-64 at 1:250 and MDM-2, OP46 at 1:500 (Calbiochem, Darmstadt, Germany); phospho-p38, Thr 180 /Tyr 182 , CS9211S at 1:1,000 (Cell Signaling Technologies, Beverly, MA), and glyceraldehyde-3-phosphate dehydrogenase, MAB374 at 1:100,000 (Chemicon International, Temecula, CA). Protein expression was subsequently visualized using appropriate HRPO conjugated secondary antibodies (goat antimouse or antirabbit, Bio-Rad, Hemel Hempstead, United Kingdom) with enhanced chemiluminescence reagents (Pierce, Cheshire, United Kingdom) and Hyperfilm (Amersham, Bucks, United Kingdom) film.
Results
Stability of PFT-A and Conversion to PFT-B
The stability of PFT-a was examined in DMSO at room temperature and full tissue culture medium (10% fetal bovine serum in DMEM) at 37jC, conditions under which the drug was likely to be handled during the course of the biological studies. Figure 1 clearly shows that PFT-a was relatively stable in DMSO with a half-life of 18.5 hours (10.8 -65.2 hours, 95% confidence limits). By contrast, PFTa was rapidly converted by condensation to the ring-closed product PFT-h in tissue culture medium at 37jC with a half-life of 59.0 minutes (46.5 -80.4 minutes, 95% confidence limits). Consequently, it is unlikely that the reported biological effects of PFT-a on cells in vitro (17) are due exclusively to this compound and may be due to a mixture of both PFT-a and -h. We therefore included PFT-h as well as PFT-a in all of our subsequent experiments. For characterization of chemical structure of both agents, see Materials and Methods.
In vitro Cytotoxicity of PFT-A and -B The cytotoxicity of PFT-a and -h were determined in human, functional wild-type p53 expressing HCT116 colon and A2780 ovarian tumor cell lines. PFT-a was more cytotoxic than PFT-h in both cell lines with 96-hour sulforhodamine B assay IC 50 values of 17 and 29 Amol/L for PFT-a and 74 and 80 Amol/L for PFT-h in A2780 (two independent experiments; Fig. 2) . Corresponding values for HCT116 were 12 and 27 Amol/L for PFT-a and 102 and 105 Amol/L for PFT-h, also as determined in two independent experiments. The solubility of PFT-h was greater than that for PFT-a as evidenced by the appearance of drug crystals in the medium at concentrations >30 Amol/L for the latter, and we have therefore omitted data >30 Amol/L for PFT-a. These studies established a maximum nontoxic concentration of 10 Amol/L and a maximum usable concentration of 30 Amol/L PFT-a.
We subsequently investigated the ability of PFT-a and -h to modulate the cytotoxicity of four commonly used anticancer drugs in A2780 and HCT116 cells. The results are summarized in Table 1 and indicate the complete absence of any robust protective effect, i.e., no consistent ratios z2-fold when comparing results with and without PFT-a or PFT-h. In fact, these data suggest that both PFT-a and PFT-h potentiate the cytotoxicity of doxorubicin, etoposide, and paclitaxel in some cases. Similar results were obtained at the higher concentration of 30 Amol/L PFT-a and PFT-h (data not shown). There was also no evidence of protection when PFT-a and -h at 20 Amol/L were combined with the four cytotoxic drugs in NIH-3T3 murine fibroblast cells (data not shown). In addition, Evaluation of PFT-a and -b in Human p53+/+ Cells preincubation of HCT116 cells with 10 Amol/L PFT-a or -h for 22, 16, or 1 hour(s) had minimal protective effects with cisplatin, doxorubicin, etoposide, or paclitaxel (data not shown).
Effect of PFT-A and -B on Ionizing Radiation Cytotoxicity in Human Cells
The original publication describing PFT-a identification and characterization reported that this compound could protect cells from ionizing radiation -induced cytotoxicity in vitro (1). We have therefore carried out clonogenic assays using an approximate IC 50 dose of ionizing radiation (1 Gy) in combination with different concentrations of PFT-a or -h. Figure 3A shows that there was no protection afforded by PFT-a and that this compound seemed to enhance radiation cytotoxicity. Similar results were obtained with PFT-h (Fig. 3B) . Figure 3C shows that 4 hours following ionizing radiation, p53 was stabilized and p21 and MDM-2 induced in A2780 cells, confirming their p53+/+ functional status. There was no evidence of an effect of PFT-a or -h on ionizing radiation -induced p53, p21, or MDM-2 protein expression in A2780 cells (Fig. 3C) . Similar results were obtained in HCT116 cells (data not shown). Figure 4 shows the cell cycle effects in A2780 cells treated with 5 Gy ionizing radiation in combination with different concentrations of PFT-a and a concentration of 30 Amol/L PFT-h. An HPV16 E6 knock-out cell line was also included as a control for loss of p53 function. It can be seen that there is a marked G 1 and G 2 arrest in A2780 cells 16 hours following irradiation, consistent with a wild-type p53 phenotype. By contrast, there is a much smaller G 1 arrest and correspondingly larger G 2 block in E6-transfected A2780 cells following irradiation, confirming that E6 transformation has compromised the G 1 -S checkpoint and p53 function. The addition of PFT-a or -h had minimal effects on the ionizing radiation -induced G 1 -S checkpoint in wild-type p53 expressing A2780 cells.
Effect of PFT-A and -B on Ionizing Radiation^Induced Cell Cycle Arrest in Human Cells
Effect of PFT-A and -B on UV-Induced Cytotoxicity in Human Cells
The initial report of PFT-a also described its ability to protect from UV-induced cytotoxicity and suppress p53-dependent UV-induced gene transcription (17) . Figure 5A shows that there were no protective effects of PFT-a on UV radiation -induced cytotoxicity in human A2780 cells. In fact, there was a suggestion that there was a PFT-a concentration -dependent increase in cytotoxicity. Similar results were obtained with PFT-h (Fig. 5B) . Figure  5C shows that UV-induced p53 and MDM-2 protein expression in A2780 and HCT116 cells were unaffected by combination with either PFT-a or -h.
Effects of UV and PFT-A or -B on p38 Expression in NIH-3T3 Cells
Although PFT-a and -h do not seem to directly modulate p53-dependent gene expression or response in the human cell lines studied, it was possible that PFT-a might alter a pathway that interacts with p53 function. In addition, the original studies described protection by PFT-a in rodent cells (17) and it was possible that such an interaction is predominantly involved in modulating rodent cell survival. One possible mechanism of action of PFT-a or -h is as a p38 kinase inhibitor. Inhibition of the p38 pathway has been shown to enhance survival of wild-type p53 -expressing cells following a variety of genotoxic stresses and this pathway is known to be active in rodent cell lines (26, 27) . We therefore determined the effects of PFT-a and -h on UV-induced p38 signaling pathway in NIH-3T3 cells. Figure 6A shows that phospho-p38 was maximally induced within 30 minutes of a 25 J m À2 dose of UV radiation in NIH-3T3 cells (although this signal was relatively weak), whereas p53 induction occurred at 2 hours and lasted until 16 hours post-irradiation. Subsequent experiments were therefore carried out using 50 J m À2 UV and samples harvested 30 minutes following irradiation. Figure 6B shows that there was no effect of either PFT-a or -h on phosho-p38 induction in NIH-3T3 cells, indicating that these compounds are not inhibitors of p38 kinase activity. Figure 6C confirms that there were also minimal effects of PFT-a or -h on p53 or p21 induction in this cell line at either an early or late time point following UV irradiation.
Discussion
The development of a small-molecule inhibitor of p53 function could provide a means of enhancing the therapeutic index of a number of conventional cytotoxic therapies by decreasing the dose-limiting normal tissue toxicity. It would be envisaged that this could allow higher doses of cytotoxic therapies to be employed and may yield an increased number of tumor responses or cures. Furthermore, a selective p53 inhibitor might be valuable for validating a number of therapeutic strategies designed to exploit loss of p53 function, such as the use of G 2 checkpoint abrogators (28, 29) . Consequently, the report of such an agent, PFT-a, was of considerable interest (17) and this compound has been the subject of a number of followup studies (18 -20, 30 -32) . Because of the potential therapeutic significance of such a p53 modulator, we have undertaken a detailed study of its pharmacology in an attempt to understand its mechanism of action. Our studies have focused on the use of human wild-type p53 -expressing lines as these are clinically the most relevant with respect to PFT-a mechanism of action. Following the synthesis of PFT-a, described here, we have shown that PFT-a is unstable in tissue culture medium and is rapidly condensed to PFT-h. This observation suggests that, in most tissue culture experiments, any pharmacologic effects will be mediated by a mixture of these two compounds. Moreover, in contrast to the original report, we provide a complete physical chemical characterization of both the PFT-a and -h that were synthesized for this study.
PFT-a was shown to be relatively cytotoxic in its own right with a mean IC 50 of 21.3 Amol/L in human A2780 ovarian and HCT116 colon cancer cells, both of which have functionally active wild-type p53. This value is only slightly higher than the active concentration of 10 Amol/L described previously (17) , suggesting that this agent may have a very narrow therapeutic window. Importantly, we have shown that both PFT-a and -h do not alter cell survival following exposure to etoposide, cisplatin, paclitaxel or doxorubicin in p53 functionally proficient human A2780 or HCT116 cells. This observation was consistent despite the use of preincubation times of 1 to 22 hours and a number of different modulator concentrations. Furthermore, survival was not enhanced by either PFT-a or -h following UV or ionizing radiation treatment in the same human cell lines, but rather there was evidence of a concentration-dependent cytotoxicity induced by PFT-a and -h. There was also no apparent protection afforded by PFT-a or -h with the same drug combinations in a non-tumor-derived, wild-type p53 -expressing, murine fibroblast cell line (NIH-3T3). PFT-a has been shown to result in cleavage of caspase 3 and to induce apoptosis and cytotoxicity in a p53-dependent manner in murine JB6 cells (19) . This contrasts with studies in neuronal cells and models where PFT-a has been shown to protect against the lethal effects of camptothecin and etoposide, although mechanistic evidence of direct inhibition of p53 is lacking in these studies (18, 20) .
In contrast with the original observations by Komarov et al. (17), we did not find any marked effects of either PFT-a or -h on G 1 -S checkpoint control, a well-characterized p53-dependent event (33 -35) , in either of our wild-type p53 -expressing lines. Together with our demonstration of p21 induction following ionizing radiation in the presence of the agents, this suggests that neither PFT-a nor -h is inhibiting p53-dependent p21 function, which is important in the regulation of cell cycle control (2, 8) . Other studies have also reported minimal inhibitory effects of PFT-a on p53 function; although these investigations have not usually been carried out in human wild-type p53 -expressing cell lines (19, 32) . In addition, we failed to show any effect of PFT-a on wild-type p53 transactivation of p21 in wildtype p53 -expressing CH1 human ovarian xenografts following irradiation (data not shown), nor were there any significant effects of exposure of A2780 cells to 10 Amol/L PFT-a on gene expression as measured by cDNA microarray analysis. 2 It has been suggested that PFT-a may exert some of its effects by acting on the molecular chaperone HSP90 (31) . However, we found that there was no direct inhibitory effect of PFT-a or -h on purified yeast HSP90 ATPase activity (data not shown), as measured by a malachite green assay for inorganic phosphate release (36) , and Murphy et al. (32) found no effect of PFT-a on the chaperone machinery in intact cells (32) .
A number of studies have shown that down-regulation of the p38 kinase pathway can protect a variety of wild-type p53 -expressing cell lines from genotoxic stress (26, 37) . UV irradiation has been shown to activate p38, which phosphorylates p53 at S392 or S389, and disrupts p53-dependent apoptosis (26, 38) . Consequently, we studied the effects of PFT-a or PFT-h on UV-induced p38 phosphorylation in a murine wild-type p53 -expressing fibroblast cell line, NIH-3T3. We show that this pathway is unaffected by PFT-a or PFT-h and cannot therefore directly account for any protective effects of these agents. Furthermore, in murine JB cells where PFT-a was shown to have no inhibitory effects, it was reported to activate p38 kinase and extracellular signal -regulated kinase pathways, particularly at higher concentrations (19) .
The precise mechanism of the reported inhibition of p53 function by PFT-a is still unclear. It seems highly likely that any protective effects may operate through inhibition of apoptosis, most probably through disruption of any one of the large number of p53-dependent proapoptotic pathways, and this could potentially be tissue context -dependent. Some hint of this possibility has already been suggested in certain p53+/+ neuronal cell lines in which PFT-a was reported to protect against a variety of toxic insults with concomitant decreases in the proapoptotic proteins, Bax and caspase-3 (20) . Despite this possibility, we show that neither PFT-a nor -h protect against UV, ionizing radiation, or anticancer drug -induced, p53-dependent cytotoxicity nor does it show any p53-dependent gene expression effects.
In conclusion, we have shown that PFT-a is unstable in vitro and is rapidly converted to PFT-h. Both of these compounds, at nontoxic doses, failed to protect two human wild-type p53 cancer cell lines from a variety of genotoxic insults. Moreover, the expression of several well-characterized p53-dependent genes was shown to be unaffected by PFT-a or -h following p53 stimulation. In addition, minimal effects were seen in NIH-3T3 mouse fibroblasts. Consequently, PFT-a and -h cannot be regarded as ubiquitous inhibitors of p53 function and caution should be exercised in using these agents as p53-specific tools.
